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SUMMARY 



Tv/o- series of diagonal- tens ion teams with double 
uprights were tested tc destruction while strain measure 
meats were being made at a large number of points. The 
results indicated that the previously published method 
of stress analysis is somewhat conservative in a certain 
range; the discrepancy "between theory and tests was re- 
duced by dropping a simplifying assumption, and a set 
of correspondingly revised formulas for stress analysis 
is given in a form suitable for ready reference. 

On the basis of the revised formulas, more than 100 
tests mads by five manufacturers were analyzed. Most of 
these tests were made on beams with single uprights. An 
empirical formula for the failing stress in single up- 
rights was derived from the tests. 

An appendix presents the results of systematic cal- 
culations on structural efficiency. The graphs of the 
appendix may be used to obtain first approximations of 
s i z e s for design purposes. 



INTRODUCTION 



A semiempirical theory for the action of shear webs 
in incomplete diagonal tension has been developed in ref- 
erence 1, The empirical coefficients for this theory 
were chiefly obtained by strain-gage tests at low stresse 
In order to check the validity of these coefficients at 
high stresses, s new investigation was started in which a 
number of beans were tested to failure while the strains 
were being measured with electrical strain gages. All 
the tests were made on webs with double uprights. In- 
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formation on the failure of single uprights was obtained 
by analyzing the results of tests made by five manufacturers. 
'These tests were made available to the NACA by the joint 
action of the Army, the Navy, and the Civil Aeronautics 
Authority in a general effort to effect coordination between 
existing structural data and theories* The manufacturers 1 
tests also yielded some information on web failures and 
rivet failures. 

The paper is divided into two parts. The first part 
deals with the experimental investigation carried out by 
the NACA* The second part is of an analytical nature and 
is divided into two sections. The first section gives the 
formulas used for stress analysis in a form suitable for 
ready reference. The second section discusses the" amount 
of experimental evidence available on specific items, the 
scatter indicated by the test data, and other pertinent 
information that may be useful in judging the reliance to 
be placed on any given formula. An appendix discusses the 
question of structural efficiency of the web system on the 
basis of the new formulas for stress analysis. The graphs 
given may be used as aids in obtaining the proportions for 
a balanced design. 

Attenti on is called to the fac t t hat some s ymbols 
used in th is re-port have a slight ly differen t mean ing than 

A n r e f o r e nee 1 0 T h_e_ c h a njgjbs_ w ere made to permit simpli- 

.ficaticm of a number of for mulas. 



SYMBOLS 



actual cross-sectional area of upright, square 
inches 



e 



effective cross-sectional area of upright, square 
inches 




rivet 




C 



stress factors 



E 



modulus of elasticity, kips per square inch 



Or 



shear modulus, kips per square inch 



G e effective shear modulus, taking into account 

diagonal- tens ion effects 

& e effective shear modulus, taking into account 

diagonal-tension effects and effects of 
exceeding the proportional limit of the 
material 

L 6 effective column length of upright, inches 

P applied load, kips 

Pjj internal force in upright, kips 

P u lt ultimate applied load, kips 

S transverse shear force in web, kips 

V volume of material (web and uprights) per inch 

run, square inches 

d spacing of uprights, inches 

h depth of beam, back of top flange to back of 

bottom flange, inches 

h 0 effective depth of beam, centroid of top flange 

to centroid of bottom flange, inches 

hjj depth of beam, centroid of rivets in top flange 

to centroid of rivets in bottom flange, inches 

hjj length of upright, centroid of attachment rivets 

in top flange to centroid of attachment rivets 
in bottom flange, inches 

k diagonal- tens ion factor 

t thickness of web, inches 

tjj thickness of uprights, inches 

a angle between axis of beam and direction of 

diagonal tension 

C strain in web parallel to axis of diagonal tension 
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e x strain in flange caused by diagonal tension 

e Tr strain in upright caused "by diagonal tension 

p radius of gyration of cross section of upright 

with respect to centroidal a::is parallel to 
web, inches 

(Jjj compressive stress in upright caused by 

diagonal tension, kips per square inch 

7 nominal shear stress in v/eb, kips per square 

inch. In most casus, this stress may be 
computed by the approximate formula T = S/h e t 

T cr critical shear stress, kips per square inc' 

T eq equivalent shear stress, kips per square inch. 

uud parameter of flange flexibility 



I. EXPERIMENTAL INVESTIGATION 
Test Objects and Procedures 



Test s pecimens .- The test specimens -consl&Jbed of 
13 beams in two series with nominal depths of 40 inches 
and 25 inches,, The detailed dimensions of the beams are 
given In table I. The webs and the uprights ^re^e- of 
24S-T aluminum alloy with- the exception of the web on 
beam 25-3, which was of 17S-T alloy , The flang-es of the 
40-inch beams were of steel* The flanges of the 25^inch 
beams were of 24S-T aluminum alloy, Figure 1 gives the 
general dimensions of the beams andfigure S.shjows th-e. 
cross sections of the uprights. 

Test -procedure. - The beams were, attached to a heavy 
Steel structure by steel angles. When the maximum "tfas t 
loads were larger than 8 kips, the test loads were applied 
to the beams by a portable hydraulic jack of . 100 kips 
capacity. This portable jack is equipped with a load- 
indicating system of the hydraulic type used in testing 
machines* Por loads less than 8 kips, a hand-operated 
hydraulic jack was used, and the load was measured with 
a platform scale of 12 kips capacity. A typical., seu-up 
for a 25-inch beam is shown in figure 3# 
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Most strain measurements were made with electrical 
strain gages of the wire-resistance type fabricated by 
the 17ACA. G-ages were always used in pairs on opposite 
sides of the beams to eliminate the effects of local 
hp bending stresses. Tor purposes of strain measurements, 

w end effects were assumed to exist over a lengthwise 

distance equal to half the depth of the beam from the 
root and from the tip. Strain measurements vere usually 
taken on all of the uprights and in all of the web panels 
not subjected to the end effects. The test results shown 
in the figures are group averages obtained by averaging 
the results of all gages contained in the same lengthwise 
group* The number of strain gages used for one test 
varied from 3£ to 70; the smallest number were used with 
an upright spacing equal to the depth of the beam a 

Deflections of the beams were measured by the method 
shown schematically in figure 4, A light truss holding 
dial gages reading to 0 C 001 inch was fastened to the 
beam by means of a vertical arm. This arm was securely 
fastened to the upper and the lower flange of the beam 
at the station where the inboard web reinforcement ended* 
The outermost dial was located at the station where the 
outboard web reinforcement began, The deflection measure- 
ments were thus confined to the region where the web was 
of single thickness, and the reference line was the tangent 
to the elastic line of the beam at the inboard end of this 
region . 

In order to prevent failure of the beams by twisting, 
lateral support was provided in the form of parallel-motion 
links, These links consisted of two angles each and were 
held at the far ends by a space trusswork bolted to the 
backstop. The tip of this trusswork is visible in figure 
3 just beyond the tip of the beam, The links may be seen 
in f i gur e 5 9 

Deflections of the uprights normal to the plane of 
the web were measured on so:ae beams by dial gages, as 
shown in figure 6 e These m easur ement s were abandoned be- 
cause the deflections were practically zero in the load 
range where it was considered safe to leave the gages in 
place. 

The 45° triangle prominent in figure 6 was used to 
measure the elongation of a 45° line. Microscopes equipped 
with filar micrometers were clamped to the angle and served 
as measuring instruments. The measurements were intended 
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Chiefly to check for the existence of permanent elongation 
in the wcb e They were abandoned after a few tests because 
it was found that permanent set began later than anticipated 
and that the predictions of upright failures were unreliable 
and unconservative. The unexpected occurrence of upright 
failure Jeopardized the safety of the equipment. 

Failure of the uprights by forced twisting is shown 
in figure 7. Thin typo of failure is typical of thin 

upr i ght s , . 

Accuracy of measurement^.*- The errors of the load 
measurements were not more than one-half of 1 percent, 
Web thicknesses were measured on a large number of 
stations; the average thickness can probably be reliod on 
to *0,C002 inch. The cross-sectional areas of the 
uprights and of the flanges were determined by weighing, 
except for the steel flanges used on beam 40-1 and beam 
40-2, which Were determined by measurement, Cross-sec- 
tional areas lor aluminum-alloy sections determined by 
weighing are probably accurate to ±1 percent ; the errors 
in the crocs-sectional areas of the steel flanges are 
probably larger, particularly when determined by measure- 
ments, but it is net possible to give quantitative esti- 
mates. The accuracy of tho strain measurements is esti- 
mated to ±A percent. 



Test Results 



Stresses in wets.- Tho strain measurement s on the 
~cbs '"ore taken at angles of 45 with the beam axes. The 
observed strains were multiplied by the factor X to 
obtain stress values; the resulting stresses worn, of 
course, nominal because the state of stress was actually 
two-dimensional, When the stresses exceeded the pro- 
portional limit, the stress— strain curve of the material 
was used to convert tho riioasurei strains into Is tresses , 
Individual stress— strain curves were taken only for the 
vrebs expected to fail before failure of the uprights took 
place; an average s t ro s s— s t ra in curve was used \ to convert 
the strain readings on the other webs into stro«sses. The 
resulting experimental stress values are shown in figure 8. 
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The calculated stresses shown in figure 8 were 
obtained as follows; 

The theory of. incomplete diagonal tension developed 
$5" in reference 1 assumes that the stress in the web can'be 

J described by superposing the effects of a diagonal-tension 

load 1:S and a shear load (1 - k)s. If the angle a of 
the diagonal tension is assumed to "be 45° f the nominal 
stress along a 45° line is 



- T 



1 + 



The value of PoissOH ! ratio pi was taken as 0.?0 a 
The stress given by formula (1) is an average stress 
The maximum stress is given by the formula 



(1) 



= T | 1 4- ji + k (1 - p.) 



(1 



(la) 



where C 2 is a factor of stress concentration caused by 
flexibility of the flanges; this factor will be discussed 
later. 



The stress given by formula (1) is plotted in figure 
8 as a clashed line, the stress given by formula (la) as a 
solid line. The stresses calculated by formula (la) should 
be compared with the etr-sces measured on diagonal- 1 ens i on 
lines passing through the joints between uprights and 
flanges. BfO correction was made to allow for the fact that 
the angle a was not exactly equal tc 45°. The error in- 
volved is a cosine error and was about l-§- percent in the 
v/orst case. 

The agreement between experimental and calculated 
values is satisfactory on the 40-inch beams, excepting 
the stresses in beam 40-1 at loads above 15 fcips* »0 
definite cause has been established for the discrepancy, 
but two factors may have a bearing on the subject: The 
beam was loaded a number of times to 15 kips, and the 
strain gages used were not suitable for use on buckled 
sheet. A different type of gage was used in all the 
other tests. 
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On the 25-inch beams the experimental stresses show 
a tendency to "be somewhat low* lb is believed that this 
discrepancy can be ascribed to portal-frame action (fig. 9). 
This explanation is supported by figure 3, which shows beam 
25-1 carrying a load of 1570 pounds or 23 percent of the 
ultimate load after the web had been completely ruptured 
from flange to flange. The reverse curvature of the 
flanges typical of portal-frame action is very evident in 
f i gur e 3 . 

If it is assumed, as a first approximation, that the 
shear deformation cf the web and the portal-frame action 
do not influence each other, the shear S ? that is carried 
by the web is related to the total shear 3 by the ex- 
pression 



S± = 1 

S , 2431 (2) 

1 + Vht£ e 

where EI is the bending stiffness of. one flange and 
L p is the effective "height" of the portal frame. Values 
of S l /S are given in table II; these values are based 
on the assumption that Lp may be taken as the length of 
web^of Single thickness (fig. 9), that is, the end bays 
having triple thickness are considered as rigid. Inspec- 
tion of figure 8 and of the values of S'/3 in table II 
indicates that the differences between experimental and 
calculated stresses would be reduced if the portal-frame 
action were taken into pccouiii; ; only on beam 25-4 would 
there be a larger difference of an unconsorv? t ive nature. 
In order to avoid confusion on the figure, no corrected 
calculated curves are shown. 

Stresses in uprights .- On the first 40-inch beam, 
a detailed survey of stresses in the uprights was made 
with tucker man strain gages to study the effect that was 
termed "gusset effect" in reference 1. The results of 
the strain survey are shown in figure 10, It will be 
seen that the gusset effect is very pronounced on the 
tension side (bottom side) of the beam. On the compres- 
sion side, however, no gusset effect can definitely be 
said to exist except near the tip; the average of all 
uprights shows a gusset effect only at the tension side 
of the beam. 



The measurements made with electrical strain gages 
OH the oiher "beams are summarized in firure 11 0 17o 
stresses on individual uprights are shown in figure 11, 
but the averages shown are sufficient to indicate that 
the evidence concerning the gusset effect is conflicting. 
On the 25-inch beams with 0.011- and 0 o 016-inch webs, 
there is practically no evidence of gusset effect ,. It 
would therefore seem advisable to drop the use of the 
gusset factor as a refinement not warranted by the pre- 
sent state of knowledge. 

Figure 12 shows the stresses in the uprights plotted 
against load, For each "beam, the stresses shown are thos 
for the most highly stressed station along the uprights 
iu each case. The calculated stresses are generally in 
good agreement with the maximum experimental values' for 
the 40-inch beams. The only exception is the first 40- 
inch beam; on tnis beam, the maximum stresses were higher 
than the calculated stresses. 

On the 25-inch beams, the web was so thin that the 
condition of pure diagonal tension should have been 
approached very closelyo The upright stresses measured 
on these beams were therefore expected to be in closer 
agreement with the theory than the stresses measured on 
the 40-inch beams c The reverse was true; inspection 
of figure 12 shows that the measured upright stresses 
in the 25- inch beams were considerably lower than the 
calculated stresses, The differences are too large to 
bo explained by portal-franc action, although this action 
was sufficient to explain most of the differences between 
observed and calculated web stresses, The theoretical 
calculation cf the angle a might be thought to be in- 
accurate; such measurements of a as were made indicated 
however 3 that a was slightly above rather than below 
the calculated value, HO explanation for the discrepancy 
has been found thus far. 

The stresses in the uprights constitute the most 
sensitive criterion for the validity of any theory of in- 
complete diagonal tension. Figure 12 shows the theory 
used in this paper to be in very satisfactory agreement 
with the test results on the 40-inch beams and to be 
conservative for the 25-inch bears. V/ets as thin as 
those used on the 25-inch beams will seldom be encoun- 
tered in p I'actice, 
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lai lures of uprights.- On all but beam 25-7, the 
uprights were rather sturdy (t u /t E 3) and failed "by 
column action; a typical failure is shown in figure 5. 
The ratio of developed strength to predicted strength 
varied from 0.99 to 1-37 (table II) . The uprights on 
beam 25-7 were designed to fail by forced twisting; the 
failure is shown in figure 7. 

jUvets upr ight "to -wet. - In all except beam 40-1 
and beam 25-7, the upright-to-web rivets were designed 
for the first test to have a strength in double shear 
approximately equal to the load on the upright at failure 
(table III) « On beam 25-7, the rivet spacing was arbi- 
trarily decreased to make the uprights and the web act 
as a unit as long as possible in spite of the localized 
nature cf the failure expected, namely, failure by forced 
twisting* 

On beam 40-4a the wet) was not damaged when the up- 
rights failedo The uprights were removed, straightened 
and again attached to the beam with the next larger size 
of rivet. When the uprights were attached, care was taken 
to shift their, around in order to change the relation be- 
tween the failure pattern of the web and the failure 
pattern of the uprights, The rivet strength of beam 
40-4b was l e 57 times the rivet strength of beam 40-4a, 
and the load carried was 1.06 times as much as in the 
first test. The uprights wore again removed, straightened 
and reattached with intermediate rivets added. The rivet 
strength was now three times the original value, and the 
beam strength was found to be 1.18 times the original 
value. (3ee table II for data.) 

Be am de flect ions , - The comparison between experi- 
mental and calculated bea:a deflections is shown in figure 
13* The experimental deflections are considerably lower 
than the calculated deflections on the 40-inch beams; 
on the 25-inch beams, the agreement is generally better. 
The most obvious explanation for the discrepancies would 
be that the effective shear modulus G e obtained from 
reference 1 is too low, but this obvious explanation does 
not appear to be the correct one. Plate-girders with 
thick webs (reference 3) tested in the shear-res i s tant 
range gave consistently smaller deflections than the 
calculations indicated; only a single beam out of 8 gave 
larger deflections . The difference was about 6 percent 
for the total deflections and more than twice as much 
for the shear deflections alone, if the single exception 
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is cxcludcdo Those results indicate that the simple 
formulas commonly used for computing the bending de- 
flections and shear deflections "become conservative 
^ . when the "beams are short and deep, that is, when the 
KS lengths-width ratio is less than about 4 on a cantilever 

Jb boafflt The fact that the discrepancies were larger in 

the tests on the 40-inch "beams than in all other "beams 
may he attributed m part to the fact that the properties 
of the otcel flanges were not so accurately known as the 
properties of the aluminum-alloy flanges. In addition, 
an experimental error might have been caused by welding 
the reference truss to the beam flanges e The welds had 
a spanwise length of 4 inches, and it is possible that 
their effective center did not coincide with their geo- 
metric center. 

P ermanent deflections ,- Permanent deflections of 
the beams as indicated by the readings of the dial gages 
at the tip are tabulated in table If, por the CU 040- 
inch webs, the set was only slightly above the accuracy 
of the measurements at shear stresses up to 10 kips per 
square inch, In the 0.011- and 0. 016-inch webs of the 
25- inch beams, a definite permanent deflection was in- 
dicated by the dial gages and began at a shear stress 
of about 12.5 kips per square inch. Visual inspection 
of the wohs on the 40-inch beams showed no obvious 
wr inkles. On the 25-inch beams t the webs showed pro- 
nounced wrinkles of half-moon shape under the ends of 
the uprights, whore the joggles in the uprights left 
the sheet unsupported and therefore incapable of carry- 
ing any compressive stress in the direction of the up- 
rights. 



II. ANALYTICAL INVESTIGATION 
formulas Used for Stress Analysis 

The collection of formulas given in this section 
was chiefly intended to describe the methods by which the 
analytical calculations were made, 3eyond this purpose, 
the collection may serve as a guide for stress analysis. 

The formulas were either taken directly from refer- 
ence 1 or arc simple additional applications of the basic 
theory developed in this reference. One important modi- 
fication of the theory was made by dropping a simplify- 
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ing assumption made in reference lj the nature of this 
modification is discussed under the side heading Pes ign 
cha rt f or inconrplet e diagonal tens ion . 

For certain items of design, no formulas have been 
presented in this section, either because the experimental 
evidence is inconclusive or because no definite design 
criterion now .exists, These items are discussed in the 
correlative study of the next section. A c areful peru sal 
Of the corre^ftt ivq s tudy 3 h^i ld__2 ^.ec^ed g a n y ~ a 1 1 e m 70 1 to 
apply the formulas given here. 



Jl££ jL^tAj r _e_ ^ls.^oct,iAna 1 area of u v r i gh t s . - Three 
basic types of upright are shown in figure 14. In type 
(a), double uprights symmetrical with respect to the web, 
the effective cross-sectional area of the upright equals 
the actual area 



In type (b), single uprights 011 one side of the web, the 
effective cross-sectional area is defined by the formula 
(reference 1, equation (23)) 



Att 

A u 0 = - — fm to 

1 + Kp) 



' e 



where e is the distance from the web to the cent ro id of 
the upright. In type (c), where a transverse member such 
as a bulkhead is attached by means of a connecting angle, 
the effective area kjj e nay bo assumed to consist of the 

connecting angle and of an effective width of the trans- 
verse member. This type of upright was not used in the 
present investigation and is included here only for the 
sake of completeness* No part of the web was included 
in the area Atj in any case. 

Buckling stre ss of vet ,- The buckling shear stress 
T cr of the was obtained from figure 15 for simply 

supported edges* This figure is based on the formula 
developed by Timoshrnko (reference 4) . When some or all 
of the edges of the panels were clamped, the buckling 
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stress T cr obtained from figure 15 was multiplied by 
the factor 

| (!+■ 0.66*1) (4) 

where p is the total perimeter of the panel and p c 
t&e length of the clamped edges. The origin of the factor 
1.66 icr the condition of all edges fully clamped was dis- 
cussed m reference 1. 

The- edge support given by the flanges or the uprights 
to the sheet was assumed to be the equivalent of fully 
Clamped edges when the sheet was clamped between two angles, 
provided that each angle was at least three times as thick 
as the sheet and had flat faces touching the sheet (fig. 
IB (a)). The edges of the sheet panel were taken to be 
the lines where the sheet emerged from underneath the 
angles (A, fig. 16), 

The edge support was assumed to be the eauivalent of 
simply supported edges for the typos of upright shown in 
xigure lb (o), ( c ), and (d): namely, double uprights con- 
sisting of extruded angles having crowned faces touching 
the sheet, double uprights having a thickness about ocmel 
to the thickness of the web, and single uprights. For 
these 3 types of upright, the edges of the sheet panel 
wore taken to be the rivet liaes. The assumptions con- 
corning edge support for upright types (a), (b), and (c) 
were suggested by the results of strain measurements on 
uprights. Per type (d) , the assumptions are justified 
only man indirect manner by the final results. A method 
of relating the edge support to the thickness of the Up- 
right ead the thickness of the web is given in the appendix. 

M$l£n_ char_c_ f or i n c o mp le to_d ia^o na 1_ jb e nsipn . - The 
degree of development of the diagonal- teas ion field ia 
numerically defined by the dl agonal-teasion factor k~ 
preference 1). This factor specifies the portion of the 
total shear that is carried by di r gonai- t en s i on action 
of the web; it is a function of the ratio Atj /dt and 
the ratio X /T cp (reference 1). The numerical values 
of the factor k were obtained by inspection from one 
el the two design charts (fig. 17 or fig. 18). Larger 
BopieJ of figures 17 and 18 may be obtained on request 
from the National Advisory Committee for Aeronautics. 
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The stress in an upright can be calculated "by the 
formula 



cr _ _ tan a ( ^\ 

U Att 4- (1 - k)dt * 0 ' 

In reference 1, this formula (equation (13)) was given 
in a slightly simplified form "by omitting the factor 
tan a; the omission -/an based on the simplifying assump- 
tion that ex = 45°. In order to obtain better agreement 
with the test data over a wide range of variables, the 
simplifying assumption was dropped in the present paper, 
and the values of CJ tt /t shown in figures 17 and 18 were 

obtained from the corresponding values of reference 1 by 
the following process of correction. 

The values of o^t/t gives in reference 1 were con- 
sidered as first approximations. According to the theory 
of pure diagonal tension (reference 2), the angle a is 
defined by the equation 



tan a = ~ — 



(6) 



The magnitude of £ :c is negligible in most practical 
cases; the magnitudes of e and e y were computed by 

using the first approximations for the stresses as given 
by reference 1. Formula (6) became under these assump- 
tions, 



tan- a * —±— (?) 
1 + 2T 



where cry/ T was the first approximation obtained from 

reference 1, The value of tan a was computed by formula 
(7), and the first approximations of CTt T /t obtained from 

reference 1 were multiplied by tan a to obtain the sec- 
ond approximations that are given in figures 17 and 13. 
The difference between the first approximation and the 
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second approximation is small when the ratio Atf /dt i 
largo tut becomes quite large when this ratio is small. 

Analysts #f weS strength..* T he stress in the wel 
was expressed as an "equivalent 11 shear stress defined 
"by the formula 



T eq = T(l + kCjXl + kC 3 )/C R (8) 



The factor Ci takes into account the fact that the 
angle a is somewhat less than 45° and is given "by the 
expression 



0, - — — - - 1 (9) 

sin 2a ' 

Por convenience, the value of C x is shown graphically 
in figure 13, The expression (1 + kC r ) is simply a 
formula for straight -line interpolation between the 
limiting cases of shp-ir tndt pure diagonal tension. 
Figure 19 also gives tan a as a matter of some interest. 

The factor C s is shown graphically in figure 20 
and was obtained by a simple transformation from the 
corresponding factor G 3 given in reference 1, If thin 
corresponding factor is denoted temporarily by o, ! , then 



-L. u 1 



'3 1 



(10) 



The expression (1 + kC 2 ) is again a formula for a straight- 
line interpolation between the limiting cases of shear and 
pure diagonal tension. ?he parameter u;d characterizing 
the flexibility of the flange is given by tne expression 



4 f 

I 



U)d = 0.3 9d / m -n 

7 <h + h)K ; 



where Ij and I- 
tension flan g e on d 



are the moments of inertia of the 
of the compression flange, respectively. 
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Formula (11) is an approximation that is valid as long 
as the ratio Igt/lg does not differ too much from unity. 

The allowable web stress was computed by the formula 

T 64 U"j 85 T ult - k ( Tult - I a ult ) (12) 



This formula is equivalent to formula (22) of reference 1. 
The values of 1 U 1% and cr ult were taken from reference 5. 

Analysis of uprights .- The stresses in the uprights 
were computed by tne expression 

Vjj = t((J L t/t) (13) 

The ratio cr-j/ T was obtained from one of the two design 

charts. For double uprights, OV, represents the average 

stress in the upright. For single uprights, 0"^ represents 

the maximum stress, that is, the stress in the fibers next 
to the web. 

A visual study of upright failures has led to the 
conclusion that single uprights of open cross section fail 
as a result of twisting forced by the folds in the wobs 
upon the uprights. The allowable stress for this type 
of failure was computed by the empirical formulas 

o T j(all) = 12.5 t-j/t kips per square inch (14) 
e*jj(air) = 10.5 tjr/t kips per square inch (14a) 

Formula (14) may be considered to represent the average of 
the test data, and formula (14a) may be considered to 
represent the lower limit of the test data. 

Double uprights of open cross section may fail by 
forced twisting or they may fail by column failure. For- 
mulas (14) and (14a) were iised to check against twisting 
failure. In order to check against column failure, the 
effect ivo column length was computed by the formula 
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h u 



Jl + k 2 (3 I 2d/h) 



f or (d/h ^ lc 5) 



With this effective length, the s 1 onde r:ie s s ratio I»e/p 

was computed and the allowable strers was obtained from 
the standard column curve for 24S-T material as given 
in reference 5* 

Analysis of rivets web-t o-f lan^e. - The load R 
per inch acting on the web~t o-f lange rivets was calculated 
by the formula 



B * 8(1 * 0.414k)/h E (16) 



The allowable rivet loads were taken from reference 5, but 
a correction was made for the actual drill size used when 
it was known. The use of this correction is suggested for 
the analysis of test data but not for oridinary stress 
analys is ■ 

An aly s i s of rivets up r i gh t ~ t o - f 1 ang g , - The tot al 

force acting on the upr i ght - t o-f lang e rivets is equal to 
the internal force in the upright, which is 



= 0*^jA*j for double uprights (17a,) 

P TT = CF TT A TT for single uprights (17b) 

J u Ue 

The rivets in double uprights are in double shear; rivets 
in single uprights are. in single shear. Formula (17b) 
must be modified by an empirical coefficient when used 
for actual stress analysis. (See section Correlative 
Study of Manufacturers 1 Tests and ITACA Tests.) 

The allowable loads on rivets were taken from refer- 
ence 5. A correction was made for actual drill ',dzo used 
when it was known. The use of this correction is suggested 
for the analysis of test data but not for ordinary stress 
analy s is , 
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Analysis of "bjam Reflections,- The beam deflections 

standard method of adding "bending 
deflections. The moment of inertia 



v/ere computed by the 

deflections and shear . . - ... 

used in the computation of the bending deflections was 
based on the entire gross section; that is , no deduc 4,4 
Wore made for ineffectiveness of the web or for rivet 
holes* The shear deflections were computed by th 



: deduct ions 
t 

formula 



6 = 



TX 



(18) 



whore x is the distance from the reference station to 
the station being considered. The effective shear 
modulus G-e was obtained from figure 24 of reference 1* 



&e 



The correction to 
limit was based on the 
in figure 81, which is 
10 shear pa.nel 



for exceeding the proportional 
tentative correction curve shown 
based on unpublished tests of 

thick. Within the 



0.025 and 0.040 inch 
le test dat 



tin 



c ur v o w a s 



rather large scatter of the 
found to be independent of the degree to which the dia- 
gonal tension was developed and may therefore be used 
for the limiting case of unbuckled sheet when 0 0 = £• 
The curve then becomes identical with the shear stress- 
strain curve of the material* 



An alysi s o f alcl ad wobs.- The most satisfactory 
method of analyzing alclad webs was found to be the 
following method: The actual web thickness t was re- 
placed by an effective thickness t p = 0.9t, 



was then analysed 
alloy alone. The 

al 1 calculat i ons , 



as though 
affective 



it v/ere made 
thickness t 



and the web 
of the basic 
was used in 



including the calculation of T cr . 



Limitations on use of theory . - On account of the 

complexity of the problem of incomplete diagonal tension., 
it has not been possible thus far to explore experimentally 
the entire range of possible design proportions; limita- 
tions must therefore be imposed on the use of the theory. 
The necessity for certain limitations is apparent; the 
necessity for additional limitations may be discovered in 
the actual use of the theory, 

Goneral experience with problems of clastic insta- 
bility indicates that the theory -ill need to bo modified -"hen 
the buckling stress of the wob exceeds the proportional limit 
of trio material, or approximately 12 kips per square inch 
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for 24S-T alloy. In the tests analyzed in this paper, 
the "buckling stress was always below the prop^ort ional 
limit. 

fcr Experimental evidence tends to indicate that the 

nS theory of diagonal tension begins to break down when 

& trie spacing of the uprights becomes larger than the 

depth of the beam. The folds then have a pronounced 
tendency to run from corner to corner of the panel in- 
stead of taking the direction indicated by the theory. 
At the ssme time the effect of flexibility of the flanges 
increases rapidly, and there is at present only frag- 
mentary experimental evidence to support the validity 
of the theory under such circumstances. 

The calculations for structural efficiency jiven in 
the appendix indicate that, for web systems with double 
Uprights, the structural efficiency tends to zero as 
the ratio of web thickness to web depth decreases. This 
conclusion appears reasonable. For web systems with 
single uprights, however, the calculations indicate that 
a finite value of structural efficiency is approached as 
the ratio of web thickness to web depth decreases in- 
definitely. The calculations also indicate that, as the 
upright spacing decreases, the structural efficiency 
approaches that of a web not subjected to buckling. These 
results for h/ t -* a> and for d/h^-C do not appear phys- 
ically reasonable and are probably caused by failure to 
recognise the existence of a bending type of failure in 
single uprights analogous to the bending failure of double 
uj^r i ght s . Caution should be used, therefore, in the anal- 
ysis of web systems with single uprights when the uprights 
are closely spaced or v/hen the th i ckn o s s-dopt h ratio is 
very small. 



Correlative Study of Manufacturers' Tests 
and HACA Tests 

In the light of the theory of incomplete diagonal 
tension in reference 1 as modified by the present paper, 
a comprehensive study was made of more than 100 tests 
made by five aircraft manufacturers in order to correlate 
these tests with the HACA tests described in section I 
and with the theory. The teets were confined, in general, 
to determination of the yield load and of the ultimate 
load; no strain-gage data were included among the available 
data. The tests furnished sufficient information on several 
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items to permit a very substantial reduction of the 
NAOA test program and were therefore of considerable 
usefulness c 

Unf or t unat e ly , the value of many tests was lessened 
by the lack of pertinent Information* For instance p the 
shapes of bulb angle stiffeners were not given; It was 
therefore impossible to calculate accurately the slender— 
ness ratios of the uprights* Again f nominal thicknesses 
were given instead of actual thicknesses. The results 
obtained may be in error by as much as 5 percent owing 
to this source of error alone, because the commercial 
tolerances are of this order of magnitude. In view of 
the incompleteness of the data, the individual results 
obtained from the analyses of these tests should not be 
too closely scrutinized. For this reason, and also be- 
cause the analyses are quite voluminous, no details are 
given in the following discussions. Only final conclu- 
sions are given 9 based on the aggregate of all available 
data , 

Strengt h of web ,— Tests male of square shear panels 
0.040 and 0,025 inch thick under pure shear (reference 6) 
were generally in close agreement with formula (13) for 
the allowable equivalent shear stress when the sheet was 
riveted to the outside of the flange angles g Shen the 
sheet v:as clamped between the flange angles, about 10 
percent higher stresses were developed. 

Among the available manufacturers 1 test data were 
eight tests of beams that failed in the web; in all cases, 
the web was riveted to the outside of the flange angles. 
The ratio of developed strength to calculated strength 
was 0.99 + 0 o 07 o Corrections for actual properties of 
material were made, but the corrections were based on un- 
certain data in some cases. 

In the NAOA beam tests reported herein, two web fail- 
ures were observed, discounting the failure in the web of 
beam 40—3 damaged by accidental contact with an electric 
welding torch c These webs were clamped between the flange 
angles and developed 1*04 0 o 03 times the predicted 
strength based on formula (l2) g The developed strength is 
therefore b percent higher than the developed strength of 
the group of beams with the webs riveted to the outside of 
the flange angles; whereas r the tests with the square shear 
panels of reference 6 indicated a gain of 10 percent due 
to clamping the web between the angles* A possible reason 



21 



for tho discrepancy i 3 as follows:. The flange angles 
used for the beam tests (section I) were 24S-T aluminum- 
alloy angles with a fairly smooth finish. The flange 
^ angles used for the shear panel tests, on the other hand, 

° were structural-steel angles with the usual rough finish. 

^ The angles with the rough finish can probably develop 

larger friction forces on the sheet than the' angles with 
the smooth finish, and these friction forces relieve tho 
endangered section of the sheet. 

The tests discussed thus far include only beams in 
which the influence of flexibility cf the flanges was 
small (C 2 < 0c04)c The strain-gage tests of beams 25-2 
and 85-5 tend to indicate that the factor C s gives 
reasonably correct stress values when C s 8 0 o 3? A web 
failure in a beam with C 2 5 0.5 indicated that large 
theoretical values of G 2 may tend to be slightly con- 
servative. 

The usual method of reducing test results for material 
properties in excess of minimum guaranteed values was 
fallowed in these analyses. This method is based on the 
properties obtained with standard tensile specimens, The 
discussion of tho results in reference 6 pointed out that 
this method is questionable and may be in error by as much 
%aS 10 percent because the stress-concentration factor for 
holes is not equal to unity, as commonly assumed for static 
strength calculations, The test results of reference 6 
also indicate that the s t re s s - c one en t rat ion factor is not 
constant and sometimes varies in such a manner as to nul- 
lify a higher strength shown by a standard t or s i le spe o imon . 

JStrength of uprights,- In single uprights of open 
section, failure is \y ± - rontly precipitated v;hen the" folds 
of the web force a localized twisting of the uprights. 
The twist causes a localized weakening of the uprights; 
the final failure may therefore be a bending failure. 
Double uprights are susceptible to the same type of fail- 
ure and must be separately checked against failure by 
forced twisting and against column failure, Double as 
well as single uprights must, of course, be checked against 
the possibility cf failure by local instability. 

The empirical formulas (14) and (14a) for upright 
stresses causing failure by forced twisting were obtained 
from an analysis cf the manufacturers* tests. The tests 
included all types of stiff oner commonly used; namely, 
bulb angles, plain f o rme d . angle s , and formed angles with 
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lips. The stresses in the Uprights were calculated by 
the formulae given in the preceding section. Single 
uprights wore assumed to furnish the equivalent of 
simple support to the sheet. 

It was found by trial that the upright stresses de- 
pended primarily on the ratio tn/t. Figure 22 presents 
the plots of test points; the straight lines are graphical 
representations of formulas (14) and (14a) ■ The figure 
indicates that the average agreement "between the tests and 
formula (14) varies somewhat with the beam deptho The 
formula is conservative for the group of beams 10 inches 
deep becomes gradually less conservative, and becomes 
finally uncons orvat ive for the group of beams 40 inches 
dcep a The formula agrees fairly well with the average 
of the largest group, that is. the 3C~inch group, Within 
the range covered by the tests, the properties of the 
material are independent of the absolute sizes, The appar- 
ent decrease of ultimate upright stresses with increasing 
beam depth probably indicates that the ultimate stress 
depends on a more complicated function than the ratio 
t^j/to The observed decrease of ultimate stress may also 

be merely accidental and may disappear when the number of 
tests analyzed becomes much larger than the number now 
available e 

The last explanation is supported by the tost results 
shown in figure 23, which include results for six beams 
48 inches deep; the results are in fair agreement with 
formula (14). The results shown in figure 23 were obtained 
with beams having double uprights alternating with single 
uprights, usually of different size. It was assumed, be- 
caiise the uprights were closely spaced, that the stress con 
dit ion- depended on the average effective or oss-socx ional 
area of the upright.,; the allowable stress was determined 
separately for double uprights and single uprights. Fail- 
ure occurred in some beams in the double uprights, and in 
other beams in the single uprights; the calculat i ons in- 
dicated correctly which type of upright should fail first. 
This fact, as well as the agreement with formula (14) in- 
dicated by figure 23, may be taken as vindicating the 
method of analysis used. Since the 48-inch beams of 
figure 23 give results in agreement with formula (14), it 
seems reasonably safe to r.ssume that the formula is valid 
for all beam depths up to at least 50 inches. 



For actual stress analysis, it is recommended that 
the more conservative formula (14a) be used. As figure 22 
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indicates, this formula represents fairly well the 
lower limit of the test data. The two low points in 
the 20-inch -roup are probably "wild." The 'low points 
in the 30-inch group at low values of t r /t suggest that 
^ tne ed § 3 support given by thin uprights should be con- 

'T sidered as less than the equivalent of a simply supported 

edge. (See the appendix.) 

Double uprights, as mentioned before, may fail by 
column act ion or ©y forced twisting. formula (15) for 
effective column length was based on the NACA tests 
(section I) and replaces Wagner's theoretical curve of 
the ratio of theoretical buckling load Vj to Euler load 
P E . (See references 1 and 2.) Formula (15) indicates 
that the bracing effect exerted by the web on the uprights 
is much less than predicted by Wagner »s theoretical curve, 
even when Wagner 'a curve for pin-ended uprights is applied 
to uprights attached with two rivets or bolts. In the 
limiting case of very small b pacing of the uprights, 
Wagner gives a value of V T /P E = 7, while formula (14) 
gives Ig/hu =0.5 corresponding to 7$/Pj =4. a partial 
explanation for the high values obtained by Wagner may lie 
in the fact that the observed pattern of failure did not 
agree very well with the simple pattern assumed by Wagner 
for his strain-energy calculations of the strength Of 
uprights. 

As table II indicates, formula (IE) tends to give 
slightly conservative results. Attention is called to 
the fact, however, that it is important to use actual 
instead of nominal values of the depth of the outstanding 
leg in order to obtain correct values for the radius of 
gyration. Seme allowance should be made for the fact 
that in extruded angles the full thickness of the leg is 
not carried to the extreme tip 0 

Particularly instructive are the tests with double 
uprights included in figure 22. Calculations shew that 
the stresses developed by the double uprights on the 30- 
inch beams are only fractions (0.3 to 0.6) of the stresses 
that would jroduce column failures. 

Strength of. rivets , yeD<rto--fl Ap f e^ The actual strength 
ci the web-to-ficnge rivets is usually well in excess of 
their nominal strength. Part of this excess strength can 
be traced to the fact that the holes are always drilled 
oversize to facilitate insertion of the rivet"; the actual 
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cross r.ection of the rivet is therefore larger than the 
nominal cross section, and the excess is quite large in 
the smaller sizes of rivets. There is also a change in 
the strength properties of the rivet as a result of the 
driving operation (reference 7), 

Since the factors giving excess strength to the 
rivets vary from case to case, it is advisable to "base 
the stress analysis on the nominal strength. Test re- 
sults should be reduced to the nominal strength analogous 
to the manner of reducing other test results to minimum 
guaranteed properties. 

The available data included five failures in the web- 
to-flange rivets. A comparison of the rivet loads com- 
puted by formula (16) with the strengths of the rivets 
based on the drill size indicated that formula (16) was 
always conservative, the minimum margin found being 2 
percent. The use of h e instead of h-^ was found to 
be unconservat ive in some cases; this fact is mentioned 
because h e is frequently used in all formulas for the 
design of girders. 

Formula (16) is simply a straight-line formula for 
interpolating between the limiting cases of shear and 
pure diagonal tension. Under a rigorous interpretation 
of the theory of incomplete diagonal tension, separate 
rivet loads would be computed for the diagonal-tension 
load kS and the shear load (1 - k)S and would be 
added vector ially f The rivet loads obtained in this 
manner are lower than thosg obtained by formula (16) ex- 
cept for k a 0 and k « 1, the maximum difference being 
about 9 percent at k * 0.4. The rivet loads found by ' ' 
Tectorial addition were found tc be too low by 5 percent 
in two cases, compared with the actually developed 
strengths of the rivets. The use of formula (16) is * 
therefore recommended, although the method of vectorial 
addition of partial loads may appear to be more rational. 

In the tests referred to, the webs were riveted to 
the outside of the flange angles ; it is probable that 
slightly higher rivet strengths can be developed when the 
web is clamped between the flange angles. 

Strength of rivets u yjr i ght - 1 o-f lan to . - The avail- 
able experimental evidence on the strength of the rivets 
in the ends of the uprights was fragmentary. It has been 
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customary to design these rivets cither on the "basis of 
tho pure d iagonai- t ens i on theory or on the 'basis of the 
theory that all shear in ex:ess of the critical shear 
is carried by diagonal tension. These theories ^ive 
very conservative results and, consequently, there were 
practically no records of failure of the rivets among 
the available test data. Indirect evidence was obtained 
by comparing the strength of successful rivet joints with 
the calculated loads on them. In the : v TACA tests of section 
I, bolts were used instead of rivets because it was con- 
sidered more i rap or t an t to obtain data on failure of the 

uprights than data on the failure of rivets. 

The load on the end rivets of double uprights is -:;ivon 
by formula (17a). There was a record of one failure but, 
in this case, the nominal strength of the rivets was only 
about one-half the load calculated by formula (17a). Ex- 
amination of successful rivet joints indicated that formula 
(17a) is probably always conservative, but it is impossible 
to give definite quantitative data because there was too 
much uncertainty about some cf the basic data, particularly 
on the actual strength of the rivets. 

The force on a single upright is theoretically 




Since the upright is eccentrically loaded, some allowance 
must be made for bending in the rivet. The simplest method 
of m&klag this allowance is to multiply P Tj - by a factor 

larger than unity to obtain a design load. Among the avail- 
able test data, were data on two failures of end rivets 
in single upright s . These tests indicated that the value 
of P T j ,,-iven should be doubled to obtain a design load. 
The calculations were uncertain, chiefly because the shape 
of the cress section of the br.l'c-angle uprights was not 
known and cons e quont I3' Ajj ^ covld not be calculated with 

any degree of certainty. A definitely conservative design 
procedure for these two cases would be to apply formula 
(17a). It is recommended, therefore, th.?t formula (17a) 
be used for single uprights as well as for double uprights 
until additional experimental evidence is obtained. 

Rivet s u pr ight -jbo-wct . - The design of the rivets 
between uprights and web rests on a very uncertain basis 



26 



for single uprights as well as for double uprights. 
Design critorions are either of in indefinite nature or, 
although definite theoretically, crnnot "be readily trans- 
lated into specific design requirement s. 

For single uprights, a possible criterion for design- 
ing the rivets is given "by the cons iderat i on that the 
rivet line should give to the sheet as much support as 
possible in order to increase the "buckling stress. The 
equivalent of a simply supported edge can possibly "be 
obtained with a practical rivet pitch, "but the number of 
rivets necessary to achieve this purpose is net known at 
present and probably varies considerably, depending on 
the interpretation of the terra "equivalent of a simply 
stipported edge. 11 One method of design (reference 8) is 
to choose the rivet spacing such that the web does not 
buckle between rivets under the compressive stress acting 
on the uprights. The question arises, however, whether 
it is necessary to prevent the occurrence of this buckling 
until the maximum load has been reached or whether it 
might bo permissible to let buckling begin after the de- 
sign yield load. An upper limit for the rivet pitch is 
given by the criterion p<d/4 suggested in reference 1. 
This criterion is based on the assumptions that one fold 
begins at each upright and that the rivet pitch must be 
less than one-fourth of the wave length iv order to break 
up the wave pattern. The assumption that one fold starts 
at each upright does not hold for all possible design 
proportions, although for aluminum alloys it probably 
holds over most of the practical range. 

In double uprights expected to fail as columns, the 
rivets should theoretically be designed to withstand the 
longitudinal shear force in the upright. This shear force 
cannot be calculated unless the deformation of the uprights 
at the instant of failure is known, and the calculation 
of this deformation is beyond the limitations of the lin- 
earized theory of column action. For columns made of 
stool with a well-defined yield point, some prepress has 
been ma.de in calculating the deformations. For materials 
with curved stress-strain diagrams such as aluminum alloys, 
the calculations will be much more difficult; they are 
further complicated by the tracing action of the web and 
by the fact that the strength of the rivets affects the 
strength of the uprights, as shown by the tests on beams 
40-4a , 40-4b, and 40-4c. On the meager evidence given 
by the three NACA tests, it is suggested that the total 
strength of the rivets in double shear be made at least 
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equal to the load ? T j on the upright and preferably 
equal to twice this load. 

In double uprights expected to fail by forced twisting, 
mere attention should perhaps be given to close spacing of 
the rivets than to the strength of the rivets. 

Permanent set ,- In the manufacturers 1 tests analyzed, 
permanent set was determined by one or several of the 
following criterions: loss of tautness of the wet, deter- 
mined by feel; permanent ouckling of the web as a whole, 
determined by a straight edge; appearance of definitely 
visible shear wrinkles in the corners; and, finally, 
visible permanent set in the upright s £ One report mentions 
that the methods employed ^:ave lower yield loads than the 
deflection readings, but there is no record of deflection 
readings beyond this passing mention. The data on yield 
leads given in the test reports analyzed have, therefore, 
the common feature that they are not based on quantitative 
noa sur ement s o Subjective methods of the type used may 
conceivably yield reasonably consistent results when em- 
ployed by one engineer within the compass of one tesb 
series, Hesults obtained by different engineers, on the 
other hand, may be expected to show a large amount of 
scatter, 

Examination of separate test series indicated large 
scatter within each test series; the ^xper imen tal shear 
stresses producing permanent set are therefore shown as 
a composite plot in figure 24. The shear stresses were 
calculated by the formula 

T = S(l + kO^Hl + kC s )/h G t (19) 

The correction factor kC x was always fairly small, but 
the factor kC 2 was greater than 0.5 for a number of beams 
and was 0.76 for one beam. The test points in figure 24 
indicate that permanent sot begins at shear stresses as 
lew as 11 or 12 kips per square inch. This result is in 
agreement with the results obtained frcm the measurements 
of permanent deflections in the 1TACA tests (table II). 

Test engineers appear to be more or less in agreement 
that a severe weight penalty would fee imposed upon the 
designer if he were required to design a beam in euch a 
m-.nnor that no wrinkles r©nu?,ia perceptible after the design 
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yield lbad has been applied once. A requirement of this 
nature would also appear to be not entirely consistent 
with the fact that simple members may be designed to 
reach, at the design, yield load, the specification yield 
stress of the material. The specification yield point 
is not defined as the minimum perceptible permanent set 
but as a well-def ined, fairly large permanent set. In 
view of these considerations, it would seem advisable 
to substitute for bhe somewhat vague concept of permanent 
set two separate concepts, namely, permanent shear deflec- 
tion and permanent wrinkles. 

It seems reasonable to assume that the permanent 
shear deflection can be calculated by relating the shear 
stress given by formula (19) directly to the effective 
shear stress-strain curve cf the material. The only res- 
ervation to be made is that the factor C s must not be 
too large, becau.se a largo factor C 2 is associated with 
a large concentration of shear stress, and the shear de- 
flection of the beam is a function of the average shear 
stress rather than the maximum shear stress,, 

In reference 9, dealing with torsion tubes of 17S-T 
alloy, it was suggested that the yield shear stress be 
defined as the stress at which %f 0 = 2/3. If this sug- 
gestion is followed, the curve of figure 21 gives a yield 
stress of 24 kips per square inch. This value is in reason- 
able agreement with the yield stresses of 22.5 kips per 
square inch for 17S-T alloy mentioned in reference 3 and 
23.13 kips per square inch given in reference 9. The elastic 
limit of 24S-T alloy lies at 12.5 kips per square inch if 
figure 21 is used as basis. 

The results shown in figure 24 indicate that the shear 
stresses producing permanent .wrinkles lie anywhere between 
the elastic limit and the yield stress for sheets less than 
0.06 inch thick. lor thicker sheets, the stress producing 
permanent wrinkles is nearer the yield stress, but the 
number of tests in this region is small. It is interesting 
to note that the lower limit of the scatter band in figure 
24 may also be explained by referring to the experimental 
results of Wagner and Lahde given in reference 10. These 
experiments showed that the maximum stresses around the 
edges of a sheet panel in shear are about twice as high as 
the average stresses. 

Permanent wrinkles may be caused by compressive stresses 
in the sheet where the joggle of the upright leatves the sheet 
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without support. This type of wrinkle can probably "be 
predicted by the method used for predicting the "buckling 
of sheet between rivets (reference 8). 

Langley Memorial Aeronautical Laboratory 9 

National Advisory Committee for Aeronautics, 
Langley Piold, Va. 



APPENDIX 

STRUCTUBAL JSfJIOIliKOiaS 01 BIA&OML-TEITSIOIT V/S3S 



The formulas for stress analysis presented in this 
paper are reasonably adequate for the design of the web 
and of the uprights. It seems appropriate , therefore, 
to re-examine the question of structural efficiencies 
obtainable by balanced designs in which the v/eb and the 
uprights fail simultaneously. 

Within the range of validity of the formulas given, 
the stresses developed depend only on the proportions of 
the v/eb systems and not on their absolute sizes. The 
range of validity of the formulas may be assumed at least 
to equal the range of the tests, that is, to cover v/eb 
depths up to 50 inches and veto thicknesses up to 0.091 
inch, subject to the limitation that T cr must be less 
than the proportional limit of the material. All curves 
shown in the appendix comply with this limitation. 

In order to reduce the large amount of computational 
work, a standard shape of cross section was assumed for 
the uprights. For simplicity, a simple angle was chosen. . 
The outstanding leg was assiimod to be twice as wide as the 
leg attached to the v/eb to give a section efficient in 
bonding. The width-thickness ratio of the outstanding leg 
was assumed to be b/trj = 12 , to eliminate the possibility 
of elastic instability of the free edge. With, these as- 
sumptions, the following relations were obtained for double 
upr ight s : 

A L r - obt-rj = b s /4 



p = 0.471b 
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an d for single up r i g&t S : 

Att - bS/16 

« e 

The material was assumed to be 24S-J alloy, The strength 
values and the column curve were taken from reference 5. 
The rivet factor was taken as C3 = 0.30. Formula (14a) 
was used to obtain the allowable stress for twisting fail- 
ure. 

The buckling stresses were computed by the formula 

T cr = E 1 T cr (sup P ) 

Where T cp ( supp) is the "buckling stress for panels with 
simply suj>ported edges given by figure 15 and K 1 is a 
factor depending on the uprights as shown by figure 25« 
The curve for Y. 1 is based on very limited experimental 
evidence but, since changes in Zi do not affect the 
final result very much, the curve may be used for most 
practical purposes. The particular manner in which the 
factor Ei was employed here implies the assumption that 
the method of edge support along the flanges is the same 
as along the uprights. 

On the basis of the assumptions outlined, a number 
of web systems were designed such that the webs and the 
uprights would fail simultaneously. Curves of the struc- 
tural efficiencies of the web systems with double uprights 
are shown in figure 26 0 The measure of efficiency used is 
the strengths of the webs divided by the volume of material 
per inch run V, or the average shear stress based on all 
the material in the web system. The calculations showed 
that at large values of h/t (4000 and 2000) double up- 
rights fail by column bending. The curves pertaining to 
failure by bending are concave downward in figure 26. As 
h/t decreases, a point is reached where the uprights fail 
by twisting before they can fail by bending. The curves 
pertaining to twisting failure are concave upward in fig- 
ure 26. por h/t = 1000 f the curve for bending failure 
and the curve for twisting failure intersect twice. When 
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d/h is either near unit; or when it is snail, bending 
failure Is decisive. For intermediate values of d/h 9 
twisting failure is decisive; the decisive typo of fail- 
ure in each case is indicated "by full lines in figure 26. 
At h/t = 500, twiscing failure is decisive except at 
small values of d/h. 

Inspection of figure 26 leads to several conclusions 
of general interest* One conclusion is that the struc- 
tural efficiency increases as the value of h/ t decreases. 
The reason is twofold: Ar h/t decreases, the state of 
stress in the web approaches more closely the state of 
shear, and the allowable equivalent shear stress increases* 
At the sane time, the 1 o ad i mp o g e d on the upr i ght s decreases, 
and smaller uprights may be used, 

Another conclusion that may be drawn from figure 26 
concerns the upright spacing giving the greatest structural 
efficiency 0 At very large values of h/t, the greatest 
efficiency is obtained when d/h equals unity. Some caution 
should be used in the practical application of this conclu- 
sion, because the calculations on which figure 2& is based 
neglect the influence of flexibility of the flanges* 

At smaller values of h/t, when twisting becomes the 
decisive type of failure, the best efficiency is obtained 
by using closely spaced Uprights* The curves for twisting 
failure continue to rise as d/h decreases, and the 
strength-volume ratio approaches the limiting value C^J-nif 
The onset of column failure, however, makes it impossible 
to realize the high efficiency that could be obtained if 
failures were confined to twisting failures. 

The results of the calculations for single uprights 

are shown in figure C7. The curves have a somewhat unusual 

appearance and are apparently of an oscillatory nature. 

The curves tend toward! the limiting value of g/T = n * 

it Ul t 

in the same manner as the corresponding curves for twisting 
failure of double uprights in figure 26. The curves for 
double uprights are, however, prevented from reaching the 
limiting value CjTult &7 the fact that bending failure 
becomes controlling! the theoretical curves for single up- 
rights, on the other hand, can actually reach the limiting 
value because the method of analysis used does not recognize 
the possibility of bending failures in single uprights, Ho 
doubt such failures are possible; in the limiting case of 
very closely spaced uprights, the theory of buckling of an 



orthctropic plate (reference 1) should "be applicable, 
Becav.se little is known about the validity of this theory, 
no attempt was made to take into account the possibility 
of bending failures in single uprights* In view of this 
fact, results concerning closely spaced siftgle uprights 
should be considered with groat caution. 

Failure to take into accourj J -. the possibility of bend- 
ing failures in single uprights is probably also responsi- 
ble for the fact that figure 27 indicates a finite value 
of structural efficiency for h/ 1 *»<x> 9 while the struc- 
tural efficiency of webs with double uprights decreases 
indefinitely as h/t increases. 

In the design cf web systems, the given quantities 
are normally the shear load 3 and the depth h. It 
is customary tp_ combine these quantities into the struc- 
tural index Vs/h, which is based on the principle of 
structural similarity stating that stresses in geometri- 
cally similar structures are identical when the loads are 
proportional to the square cf the linear scale ratio. 
Structures having the same index values have the same 
stresses. 

In figure 23, the strength-volume ratios for wobs 
with double uprights and for webs with single uprights 
are plotted against the structural index. The dis- 
continuity in the curves for single uprights is caused 
by reaching the limiting stess value of 50 kips per 
square inch in the uj;rights. live test range indicated 
io the range of franufac ture rs ! tests, which includes 
that of the 3TACA beam tests. Veil within the tost range, 
there is little to choose between single uprights and 
double uprights. Near the borders of the test range, 
the single uprights become more efficient than the double 
uprights. It should be borne in mind, however, that the 
unrestricted validity of the formula for twisting failure 
becomes questionable near the borders of the test region. 
The curves in figure 23 show more clearly than figures 26 
and 27 the manner In which the structural efficiency varie 
with the h/t ratio. This comparison is possible because 
for practical purposes, the ratio h/t may be used instea 
of the index value V8/h when only structures made of the 
same material are being studied. 



Of considerable practical interest is the magnitude 
of the reinforcement ratio Atf/dt. Figure 29 shows 
graphically hew the reinforcement ratio varies with the 
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structural index. Theso curves may "be used to obtain 
an estimate of the amount of stiffening required in a 
given design. Since the shape of the upright chosen will 
probably differ from the standard shape assumed for those 

<5o calculations, a final analysis must "bo made in most cases 

V t° chock the strength of the web system. 
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SUMMARY OF NACA TEST RESULTS 
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•uprights did not fail, 
b 

Premature failure owing to accidentally damaged 
web. 

c Pailure precipitated by forced twisting. Ulti- 
mate failure at end of one upright. 
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STRENGTH OP UPRIGHT- TO -WEB RIVETS (NACA TESTS) 
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*Double shear. 

b 

Uprights did not fail. 
°Test stopped before failure. 
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PERMANENT BEAM DEFLECTIONS (NACA TESTS) 
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Figure 2.- Cross sections of uprights, 




Calculated with gusset factor 



x Measured stress + Group-Average stress o Maximum stress 
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Figure 10.- Transverse distribution of stresses in uprights of beam 40-1 at P»I5 kips. 
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Figure 5.- Beam 25-6 after failure of uprignts by 
column bending. 
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Calculated average stress (Formula (I)) g 

Calculated maximum stress (Formula^ a)£ 
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Figure 1 1 - Transverse distribution of group-qverage stresses in uprights 
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Calculated Allowable stress for bending 



-Allowable stress for twisting ( Formula (14-a)) 
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Figure 12.- Stresses in uprights. 
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Figure 13.— Load-deflection curves. 
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Figure 14.- &as\c types of upright. 
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Figure 15 .— Critical shear stress for alumlwm-alioLj sheet 

with simply supported edges (E" 10,600 kips/sqjn.). 
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Figure 18.— Design chart 2 for stresses in incomplete diagonal-tension fields. 
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Figure 22 .~ Stresses in uprights at failure. 
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Figure 23- Stresses in uprights at failure of be^ms with 
uprights of alternating size. 
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Figure 24.- Shear stresses af yield. 



A-H-B Double uprights failing by bending 
C-H-D Double uprights failing by twisting 
E-F-G Single uprights 
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Figure 28,- Strength- volume ratios for diagonal- tension web syste 
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A-H-B Double uprights failing by bending 
C-H-D Double uprights foiling by twisting 
E-F-G Single uprights 




Figure 29.- Reinforcement ratio for diagonal -tension web systems, of balanced design. 



